The influence of nanohydroxyapatite on the glass transition region and its activation energy, as well as on the tribological and mechanical properties of polyoxymethylene nanocomposites, was investigated using DMA, TOPEM DSC, nanoindentation, and nondestructive ultrasonic methods. It was found that the glass transition for unmodified POM was in the lower temperature range than in POM/HAp nanocomposites. Moreover, Δ and activation energy were larger for POM/HAp nanocomposites. Friction coefficient was higher for POM/HAp nanocomposites in comparison to both POM homopolymer and POM copolymer. Simultaneously, the indentation test results show that microhardness is also higher for POM/HAp nanocomposites than for POM. From ultrasonic investigations it was found that the highest values of both longitudinal and transverse propagation waves and Young's and shear modulus for POM homopolymer (DH) and POM copolymer T2H and their nanocomposites can be attributed to their higher degree of crystallinity in comparison to UH copolymer. Moreover, for POM/HAp nanocomposites with 5% of HAp, ultrasonic longitudinal wave velocity was almost constant even after 1000000 mechanical loading cycles, evidencing an enhancement of mechanical properties by HAp nanoparticles.
Introduction
Polyoxymethylene (POM) is one of the major thermoplastic engineering polymers and it is mainly applied in mechanical parts due to excellent performance against wear, high strength, stiffness, and excellent chemical resistance [1] [2] [3] . POM is also attractive material for use in biomedical applications such as bone tissue replacement especially in hip prosthesis [4] , dentistry [5] , and cardiology [6] . POM copolymer has been used for the spiked washer to reattach together with a bone screw ruptured ligaments to the bone. In the joint replacement applications, different POM implants like artificial finger and shoulder joints are well-known products [4] . In all these applications mechanical properties of POM are of crucial importance. POM exhibits good fatigue resistance, high impact strength, creep resistance, low friction, and good wear resistance due to its high degree of crystallinity and high bond energy [7] . As POM is a semicrystalline polymer with a relatively high degree of crystallinity, the bigger spherulites may act as the sites of stress concentration and, in consequence, the polymer has high notch sensitivity [8] .
Various methods of improvement of POM mechanical properties have been proposed including incorporation of inorganic nanoparticles in the powder form. Hence, Xu et al. [9] found that the addition of reactable nano-SiO 2 
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International Journal of Polymer Science can enhance the tensile strength and Young's modulus of composites, and the impact strength of composites has a significant improvement at low contents of reactable nanoSiO 2 , while, with the further increase of nanofiller content, the impact strength of composites shows a gradual decrease. Romero-Ibarra and coworkers [10] studied the influence of a radiopaque reinforcement-spherical barium sulphate (BaSO 4 ) in nanometric size, on the mechanical properties of POM. They observed that the introduction of 1 phr BaSO 4 nanoparticles does not substantially modify the mechanical properties of the matrix, whereas upon increasing BaSO 4 content to 3 phr mechanical properties diminished.
POM/Al 2 O 3 nanocomposites were prepared by melt processing method and studied by Wacharawichanant et al. [11] . They revealed that the tensile strength and Young's modulus of the nanocomposites increased by adding Al 2 O 3 particles in a range of 0.5-1 wt.% and then decreased. With increasing filler content, the impact strength of the nanocomposites decreased.
Wang et al. investigated [8] POM matrix composites with different contents of nano-ZrO 2 particles and they found that the addition of ZrO 2 nanoparticles can improve the tensile strength and impact strength by about 8% and 20%, respectively, when the nano-ZrO 2 content was 1.0 wt.% and the lowest wear appeared at 1.0 wt.% content of ZrO 2 nanoparticles.
To improve the bioactivity and biocompatibility of POM implants, Pielichowska et al. introduced to POM matrix hydroxyapatite (HAp, [Ca 10 (PO 4 ) 6 (OH) 2 ]), which is a wellknown bioceramics, chemically similar to human inorganic hard tissue [12, 13] . Bone tissue is built from mineralized collagen (Col) fibrils, reinforced with 50-60 wt.% of apatite crystals. HAp exhibits excellent biocompatibility, bioactivity, bone bonding properties, and osteoinduction, as shown by in vivo studies [14] . Due to the chemical similarity, HAp facilitates the formation of new bone without resorption and interacts with the living system [13] . On the other hand, incorporation of nanoparticles into POM matrix causes the effect of heterogeneous nucleation leading to thinner spherulites and lower degree of crystallinity, which can help to improve impact strength. The decrease of the crystallinity degree reduced the tensile strength [8, 15, 16] . We found in an in vitro evaluation that addition of HAp nanoparticles to POM matrix enhances bioactivity of the nanocomposites, and an excellent stability of POM/HAp nanomaterials under these conditions was confirmed [16] .
Since for load bearing orthopaedic applications mechanical properties are of crucial importance, the aim of this study was to investigate in detail the influence of HAp nanoparticles on the tribological and mechanical (static and fatigue dynamic) properties of POM nanocomposites with hydroxyapatite. Please note that in our previous papers we investigated only tensile behaviour of POM/HAp nanocomposites [15] [16] [17] . In this study three POM types (homopolymer and two copolymers) with similar melt flow index and processability but with different mass-average molar mass have been used to find the best formulation for long-term orthopaedic implants. 
Techniques.
For the DSC measurements DSC1 (Mettler Toledo) operating in dynamic mode with heating rate of 10 K/min and cooling rate of 10 K/min was employed. Sample of ca. 6 mg weight was placed in sealed and pierced aluminum pan. Nitrogen was used as an inert gas. For TOPEM DSC measurements the underlying heating rate was 0.5 K/min, the amplitude of the temperature pulse was ±0.5 K, and the switching time range to limit the duration of the pulses had the minimum of 15 s and the maximum of 50 s. Sample of ca. 15 mg weight was placed in sealed aluminum pans. Nitrogen with flow rate 30 mL/min was used as the inert gas and the intracooler was used for cooling. DSC was calibrated using indium and mercury standards; an empty aluminum pan was used as a reference.
International Journal of Polymer Science 3 Dynamic mechanical analysis was performed using a DMA 242C Netzsch in three-point bending mode (20 mm sample holder) on bars with diameters of 10 mm × 26 mm, thickness 1 mm (obtained by injection molding method) in the temperature range within −160-150 ∘ C in dry air. Measurements were performed at the heating rate of 2 deg/min and perturbation frequencies of 0,1, 1, 5, and 10 Hz, under maximal dynamic force of 6 N, at constant part of static force of 0.3 N and static force 10% higher than dynamic one. The maximal amplitude was set to 50 m. As a cooling medium liquid nitrogen was used.
The friction force of the stainless steel spherical tip of = 5 m sliding over the film surface was studied using a NanoTest 600 instrument (Micro Materials, UK), equipped with a friction attachment. Measurements were carried out at a normal load of 30 mN and a sliding speed of 10 m/s over a distance of 5 mm, under ambient conditions. Coefficient of friction was calculated using well-known Amontons' formula-as an average value of friction force after stabilization of friction divided by the load.
Mechanical properties of the surface layer of polymers were determined using the NanoTest 600 instrument. A Berkovitch indenter penetrated the surface layer of polymers with the loading/unloading rate of / = 0.10 mN/s, up to the maximum load of = 5.00 mN. Mechanical parameters: hardness and elastic modulus were determined from unloading curves using the procedure of Oliver and Pharr [18] . The measurements were made at = 20 ± 2 ∘ C and relative humidity of 60 ± 5%. For each sample two series of seven measurements in various places on sample surface were performed and the data averaged.
Ultrasonic measurements were performed using the Ultrasonic Measuring System UZP-1 (INCO-VERITAS) with enhanced accuracy of the time of propagation of ultrasonic waves (±0.01 s). An ultrasonic pulse technique was used to determine the elastic properties ( , , and ). The 10 MHz transducer with a diameter of 10 mm connected to a sample by paraffin oil was used for longitudinal waves, and the same transducer was glued with the samples by the Canadian balm for transverse waves. Material constants values were calculated using the following formula [19] :
where is ultrasonic Young's modulus, is Kirchhoff 's modulus, is Poisson's Ratio, is apparent density, is speed of a longitudinal wave, and is speed of a transverse wave.
Mechanical dynamic loading was performed in the threepoint bending mode under a constant force amplitude using specimens with dimensions 40 mm × 5 mm × 2 mm. The level of maximum force amplitude amounted to 50% of the sample strength determined in static mechanical test. After each 200000 cycles the samples were ultrasonically tested using Unipan-ultrasonic CT3 equipment with the 1 MHz transducer and ultrasonic wave velocities were determined.
Results and Discussion
DMA results in the form of storage modulus ( ) and loss factor (tan ) as a function of temperature ( ) are demonstrated in Figures 1 and 2 .
Earlier studies on the relaxation effects in pristine POM revealed three kinds of relaxations-, , and . The first one recorded at ca. −70 ∘ C as a broad peak was assigned to the glass to rubber transition because of its "cooperative character" [20] . The other two peaks, observed at ca. −10 and 100 ∘ C, correspond to and relaxations, respectively. relaxation was assigned to the motions of long molecular segments in disordered phase [21] , while relaxation to movement of well-ordered crystalline phases. As it can be seen in Figures  1 and 2 also -mode at ca. −74 ∘ C, -mode at −10 ∘ , and at 90 ∘ C can be observed for POM copolymers (UH and T2H) while for POM homopolymer (DH) just -mode at ca. −73 ∘ C and at ca. 100-110 ∘ C can be seen. Based on the frequency dependence of tan , glass transition at different frequencies was determined and from Arrhenius frequency map lnf versus 1000/ ( Figure 3 ) the activation energy ofmode was calculated. Moreover, to get a deeper insight into the glass transition region of investigated POM nanocomposites TOPEM DSC experiments were performed. Using conventional DSC it was impossible to determine -mode, but based on the reversing heat flow from TOPEM DSC one can detect relaxation (Figure 4 ). Glass temperature, Δ determined from TOPEM DSC, and activation energy ( ) data from DMA data [22, 23] are presented in Table 2 .
As it can be seen from both TOPEM DSC and DMA results, the glass temperature for unmodified POM was lower than of POM/HAp nanocomposites. Moreover, Δ and were larger for POM/HAp nanocomposites. A similar trend was observed by other authors for different polymer nanocomposites. Hence, Wong et al. [24] reported the linear increase in the glass transition temperature of poly(methyl methacrylate)/ZnO nanocomposites versus ZnO quantum dots weight content. It was assumed that the confinement effect between nanoparticles affects as a polymer thin film is sandwiched between two substrates [25, 26] . Ceramic nanofillers such as HAp do not directly contribute to the value of the polymer matrix, but the interaction of the polymer chains with the surface of the particles can drastically alter the chain kinetics and mobility in the region surrounding the particle due to the presence of the interface. Due to the large surface area of nanofillers, for a welldispersed system, even low filler volume fractions provide a substantial amount of interfacial area through which the bulk properties of the polymer can be altered [27] . Rittigstein et al. [25] found that, in nanocomposites with well-dispersed nanofiller, can exhibit substantial deviations in relation to the bulk polymer, decreasing when polymer-nanofiller interfaces yield free surfaces [27, 28] at a polymer-substrate interface, confinement effects can lead to enhancements relative to bulk polymer properties [28] . The effects of confinement on in polystyrene (PS), poly(methyl methacrylate) (PMMA), and poly(2-vinyl pyridine) (P2VP) nanocomposites containing silica and alumina nanospheres were investigated, too [28] . In the aluminacontaining nanocomposites, increases relative to ,bulk by as much as 16 K in P2VP, decreases by 5 K in PMMA, and is invariant in PS. These results were explained by wetted P2VP-nanofiller interfaces with attractive interactions, nonwetted International Journal of Polymer Science 5 PMMA-nanofiller interfaces (free space at the interface), and wetted PS-nanofiller interfaces lacking attractive interactions, respectively. Additionally, the molecular dynamics simulations endorsed the hypothesis that of polymer nanocomposites can be enhanced or depressed by tuning the polymer-nanofiller interactions [27] [28] [29] [30] . For POM/HAp nanocomposites, an increase in the glass temperature can be attributed to the interactions between HAp nanoparticles that contain polar groups-OH − and PO 4 3− -and polymer chain with hydroxyl groups, as well as ether oxygen and acetic functionalities. The chemical structure of the components enables hydrogen bond formation between POM chains and HAp nanoparticles causing an increase of the glass temperature in POM/HAp nanocomposites. The increased activation energy of glass transition can be attributed to the confinement effects of polymer chains between HAp nanoparticles, leading to restricted chains mobility. Moreover, it can be observed that the lowest activation energy was found for POM homopolymer and higher for POM copolymers probably due to differences in macromolecular dynamics of POM chain between POM homo-and copolymer [31] , while the glass temperature determined from DMA results was almost the same for all POM types.
In the next step, microtribological investigations were performed. Friction coefficient values of POM and POM/ HAp nanocomposites are presented in Figure 5 .
Generally, the friction coefficient is higher for POM/HAp nanocomposites in comparison to pure POM, both homopolymer and copolymer. POM resin has been widely used as a self-lubricating material in numerous fields, such as automobile, electronic appliances, and machine engineering, because it exhibits good fatigue and creep resistance and high impact strength. POM low friction coefficient is attributed to the flexibility of the linear molecular chains, and simultaneously its good wear resistance is connected with its high crystallinity and high bond energy [7, 32] . The influence of nanoadditives on the tribological properties depends on the kind of nanofiller. Sun et al. [7] period and also a higher friction coefficient. In contrast, for POM/PTFE/MoS 2 /3% Al 2 O 3 nanocomposite, nanoparticles can accelerate the formation of compact and uniform transfer films leading to a steady friction coefficient [7] . By analogy, in POM/HAp nanocomposites investigated in the course of this study, an increased friction coefficient was determined.
Results of nanoindentation investigations are presented in Figures 6 and 7 .
All the materials studied exhibited the similar surface gradient of hardness. The indentation test results show that microhardness is generally higher for POM/HAp nanocomposites than for POM. Larger differences should be also noted in hardness of POM and POM/HAp nanocomposites for POM copolymer (UH and T2H) whereby for POM homopolymer hardness increases only slightly. The highest hardness at the lowest penetration depth was measured for UH5 and T2H5 nanocomposites. The obtained results stay in good agreement with crystallinity level of the materials studied. For unmodified POM the highest degree of crystallinity was found for DH0, next one was for T2H0, and the lowest one was for UH0 (50.66%, 49.26%, and 45.17%, resp.) while for POM HAp nanocomposites the highest degree of crystallinity was determined for T2H5, next one was for UH5, and the lowest one was for DH5 (52.94%, 46.98%, and 41.18%, resp.) [15] [16] [17] . The same trend was observed for the hardness results that confirm our previous results. Different hardness values ( Figure 6 ) can be probably attributed to crystalline and amorphous regions as shown in SEM microphotographs [15] [16] [17] . This dependence was well documented in the literature for different macromolecular systems, and, generally, microhardness increases with increasing degree of crystallinity of polymer [33] . It was postulated that for polymers with crystallinity around 35% containing nanocrystals randomly distributed within the amorphous phase a network of physical crosslinks connected by bridging molecules is formed. It induces a significant reinforcement of the material that leads International Journal of Polymer Science to an increase of microhardness, and the higher the amount of crystals the larger the reinforcing effect [33] .
A similar trend is observed for elasticity modulus-higher values of modulus were found for POM/HAp nanocomposites. Similar effects were observed by Shen et al. [34] for polyamide 66/organoclay nanocomposites. These authors additionally postulated that the mechanical properties observed are correlated with the inhomogeneous microstructures of the systems under investigation.
Because of the application of POM/HAp nanocomposites in the field of bone implants, determination of their mechanical properties is of primary importance. Ultrasonic nondestructive testing method is a useful tool for characterization of nanocomposites homogeneity and elasticity. At first, the propagation velocity of longitudinal and transverse waves ( ) was determined- Figure 8 .
The highest propagation velocities of both longitudinal and transverse ultrasonic waves can be observed for POM homopolymer (DH) and POM copolymer T2H and their nanocomposites. This effect can be attributed to the higher degree of crystallinity of DH and T2H as well as their nanocomposites when comparing to the degree of crystallinity of UH copolymer and its nanocomposites [15] [16] [17] . The reason is that ordered crystalline fractions produce stronger intermolecular interactions, leading to increased mechanical properties and, consequently, to an increase of ultrasonic wave velocity [35] . Ultrasonic waves in polymeric materials can propagate through slight translocation of atoms, groups, and chain segments around their equilibrium positions. The forces operating along chain segments and between macromolecular chains lead to translocations into neighbouring macromolecules, thus involving stress waves through the material [19, 36, 37] . Next, based on the measurements of ultrasonic wave velocity, the Poisson ratio was calculated- Table 3 . The Poisson ratio is in the range 0.40-0.42 that is a value typical for semicrystalline polymers [38, 39] and is generally lower for POM/HAp nanocomposites with higher HAp loading. During semicrystalline polymer stretching firstly the onset of isolated inter-and intralamellar slip processes is observed after the initial Hooke elastic range, next it changes into a collective activity of slip motions of crystal blocks at the point of maximum curvature of the true stress-strain curve, and, finally, the beginning of destruction of crystal blocks followed by recrystallization with formation of fibrils occurs. It is accompanied by the beginning of disentanglement of the amorphous network or strain hardening due to the stretching of the amorphous entangled network at high deformations [40] . For polymer composites, the stress concentration causes around the filler particles the effect of external load, whereby the actual stress distribution decides about the extent of local micromechanical deformation processes [41] . In polymer composites the prevalent deformation mechanism is debonding on the matrix/filler interface that leads to some volume increase during deformation [42, 43] . For POM/HAp nanocomposites we found in our previous study [15] that the strain-stress curves have very clear yielding points showing ductile characteristics, but, with an increase of HAp content, the ductile properties decrease and the materials become brittle. This also proves the excellent fillermatrix adhesion of POM/HAp nanocomposites-the better the adhesion between nanoparticles and polymer matrix, the more difficult the movement of macrochains that restricts deformation during tensile stress and leads to a decrease of Poisson ratio. It is noteworthy that for unmodified POM these restrictions are not present. For POM/HAp nanocomposites with lower HAp loading the restrictions in the chain mobility are too low to change the Poisson ratio. Based on these results, ultrasonic Young's modulus [GPa] and Kirchhoff 's modulus [GPa] were calculated- Figure 9 .
It can be seen that the elastic properties strongly depend on the HAp concentration and type of POM and their crystallinity. The highest values of Young's and shear moduli were found for polymers with the highest degree of crystallinity-higher moduli were obtained for DH and T2H systems in comparison to UH copolymer. To check the mechanical properties stability, the samples were tested up to 10 6 cycles under dynamical loading. Results of measurements of longitudinal ultrasonic wave velocity after these tests are presented in Figure 10 .
Larger changes in ultrasonic longitudinal wave velocity were detected for unmodified POM while for POM/HAp nanocomposites with 5% of HAp longitudinal wave velocity was almost constant even after 10 6 cycles, proving an enhancement of the mechanical properties stability by HAp nanoparticles. This effect can probably be attributed to the restriction of POM chain mobility due to the presence of HAp nanoparticles and their nucleating effect on POM chains that leads to the formation of larger amounts of smaller and more defected spherulites.
Conclusions
In this work, the influence of nanohydroxyapatite on the glass transition region and its activation energy and tribological and mechanical properties of polyoxymethylene nanocomposites was investigated. It was found that glass transition for unmodified POM was in the lower temperature range than for POM/HAp nanocomposites. Moreover, Δ and activation energy were larger for POM/HAp nanocomposites which can be attributed to confinement effect of polymer chains between HAp nanoparticles which restricted chains mobility. The lowest activation energy was found 0 200,000 400,000 600,000 800,000 1,000,000
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Number of mechanical load cycles for DH homopolymer, while the highest activation energy for UH5 nanocomposite. Friction coefficient was higher for POM/HAp nanocomposites in comparison to pure POM both homopolymer and copolymer, but it also should be noted that higher values were observed for DH. Simultaneously, the indentation test results show that microhardness is also higher for POM/HAp nanocomposites than for POM, but more significant changes were observed for POM copolymers. Based on the literature data this effect can be explained by inhomogeneous distributions of the crystalline morphology as well as by HAp concentration changes along the indentation direction. From ultrasonic investigations the highest propagation velocity was found of both longitudinal and transverse ultrasonic waves and ultrasonic Young's and shear modulus for POM homopolymer (DH) and POM copolymer T2H and their nanocomposites which can be attributed to their higher degree of crystallinity in comparison to UH copolymer. Poisson ratio was in the range 0.40-0.42 and was generally lower for POM/HAp nanocomposites with higher HAp loading due to good adhesion between POM and HAp that hinders the movements of macrochains and restricts deformation under force. Besides, for POM/HAp nanocomposites with 5% of HAp, ultrasonic longitudinal wave velocity was almost constant even after 10 6 mechanical loading cycles proving an enhancement of mechanical properties stability by HAp nanoparticles. This probably can be attributed to the restriction of POM chain mobility due to the presence of HAp nanoparticles showing good adhesion with POM matrix, as well as their nucleating effect on the POM macrochains.
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